Plants live in close association with microorganisms that can have beneficial or detrimental 24 effects. The activity of bacteria in association with flowering plants has been extensively 25
Introduction

37
Plants do not exist in isolation in the environment, but interact with a wide array of organisms from all 38 kingdoms including bacteria, fungi, animals and other plants. These interactions can have profound 39 effects on plant fitness, growth and development. In addition to pathogenicity or parasitism, 40
interactions between plants and other organisms can be beneficial. Examples include interactions 41 between fungi and plants in the form of mycorrhizae and interactions between plants and bacteria 1-3 . 42 43
Interactions between plants and microorganisms have become more elaborate during plant evolution. 44 Mycorrhizal interactions are beneficial in liverworts, one of the earliest diverging groups of land plants, 45 where the association between liverworts and fungi boosts plant photosynthesis, growth, fitness and 46 nitrogen/phosphorus uptake 4,5 . In later-diverging plants including flowering plants, interactions with 47 2 microorganisms have increased in complexity. For example, in legumes (Fabaceae, including beans 48 and pulses) plant root cells are surrounded by a group of proteobacteria (Rhizobia) and form a 49 symbiotic root nodule 6 while actinobacteria from the Frankia genus can form nodules with a wide 50 range of plant families 7, 8 . The bacteria gain carbon from the plant, while the plant gains nitrogen from 51 the bacteria. Not all plant-bacterial interactions are so highly specialised: many bacteria in the 52 rhizosphere contribute to plant productivity and gain from plants in return 9 . 53 54
It has become clear that flowering plants can respond to bacterial signalling molecules that alter plant 55 growth and development, representing inter-kingdom interaction 10, 11 . The perception of bacteria by 56 plants is of significant importance in terms of monitoring their surroundings and thus being able to 57 respond accordingly to enhance their chances of survival 12 . 58 59
A key way in which bacteria communicate with one another is via diffusible quorum sensing (QS) 60 molecules that are used to monitor and respond to population density within a colony or biofilm [13] [14] [15] [16] [17] [18] [19] . 61 One well-characterised subset of QS molecules that affect plants behaviour are the N-acylhomoserine 62 lactones (AHLs) 11, 12, [20] [21] [22] [23] [24] . AHLs are produced by Gram-negative bacteria 25 and are key for the control 63 of multiple gene expression in a coordinated manner within a population [25] [26] [27] . 64 65
AHLs vary in their structure in nature with a wide range of acyl chain lengths, from four to eighteen 66 carbons, and level of saturation. Furthermore, at the third carbon position (C3), different substitutions 67
can also occur whereby the molecule can either be unsubstituted, contain a ketone group (oxo) or a 68 hydroxyl group (OH). These structural differences contribute to their specific impact on gene 69 expression 28, 29 . 70 71
A wide range of Gram-negative plant-associated bacteria produce AHLs and some non-producers are 72 still able to sense and respond to the presence of these molecules using luxR-solo AHL receptor proteins 73 30, 31 . The ability of plants to detect and respond to the presence of AHLs may be a result of their 74 coevolution with AHL-producing bacteria. Plant perception of AHLs may provide an evolutionary 75 advantage over their associated microbial community, especially if the bacteria are pathogenic, 76 enabling the plants to detect increasing bacterial populations and alter the QS outcome 32 . Plant 77 responses to AHLs are dependent on the structure and concentration of the AHL encountered and can 78 be positive or negative in terms of growth 33,34 . Plant-bacterial interaction often occurs in the 79 rhizosphere where roots in the soil come into contact with AHLs in varying concentrations due to 80 bacterial growth 21, 35, 36 . Flowering plants respond to these bacterial compounds and even absorb them 81 from the surrounding environment 37 . The role of QS in legume nodule formation seems to vary 82 depending on the combination of plant and bacterium under investigation (reviewed in 34 ). 83 84
Certain plant species produce AHL mimics that induce a premature quorum-sensing response in 85 bacteria that serves to protect the plant from pathogens, or aid establishment of symbiotic relationships 86 [38] [39] [40] [41] [42] and synthetic N-dodecanoyl-L-homoserine lactone (C12-HSL) inhibits early Ulva development at 141 concentrations above 5µM 69 . AHLs (N-butanoyl-L-homoserine lactone (C4-HSL) and N-hexanoyl-L-142 homoserine lactone (C6-HSL)) from Shewanella promote reproductive carpospore release in the red 143
seaweed Gracilaria dura at micromolar concentrations 70 . 144 145
We therefore hypothesised that AHLs might affect development in early-diverging land plants. In this 146 paper, we show that synthetic AHLs can promote spore germination in the model moss species 147
Physcomitrella patens 74,75 in a lab-based assay. Moreover, sporophytes from wild isolates of 148
Physcomitrella patens are associated with AHL-producing bacteria, suggesting these bacteria may 149 influence spore germination in the environment through the production of AHL signal molecules. 150 151
Results
153
AHLs promote Physcomitrella spore germination at sub-micromolar concentrations 154 but inhibit spore germination at concentrations above 1µM. Physcomitrella patens. All AHLs (C4-HSL to C12-HSL) induce a significantly faster spore 161
germination rate compared to a solvent-only control (Figure 1 ). C4-HSL and C6-HSL show a similar 162 promotion of germination at both 0.1µM and 1µM concentrations ( Figure 1A, B ). C8-HSL appears to 163 have slightly more germination-promoting activity than the shorter chain AHLs and is more potent at 164 1µM than 0.1µM ( Figure 1C ). C10-HSL and C12-HSL are the most potent germination-promoting 165
AHLs, being more effective at 0.1µM than at 1µM concentration ( Figure 1D , E). 166
In Arabidopsis, 50-100µM concentrations of AHLs inhibit root growth 21,45,48 while in the seaweed 167
Ulva spore germination and early development is reduced with just 5µM AHLs 69 . We tested the effects 168 of a range of AHLs at 5µM on Physcomitrella spore germination and found that AHLs could inhibit 169 spore germination ( Figure 2A ). The effect appeared strongest with C10-HSL, which also inhibited 170 germination at 10µM, in a dose-dependent manner ( Figure 2B ). Taken together, these data show that 171
AHLs, particularly those with longer chain length, accelerate spore germination when at low (≤1µM) 172
concentrations and inhibit spore germination at higher (5-10µM) concentrations. 173 174
Chain length and side group substitution affect the activity of AHLs against 175
Physcomitrella spore germination. 176 To investigate whether changing the side group of the AHL had an effect on biological activity, we 177 assayed the spore-germination-promoting activity of C4-C12 AHLs, namely the N-acyl version (as 178 before) and also the 3-oxo (3-O) and 3-hydroxy (3-OH) substituted forms. Our "snapshot" data ( Figure  179 3A) indicated potential differences in potency between the different side chains, particularly for AHLs 180 with longer carbon chain. To investigate these differences further, we assayed spore germination in the 181 presence of 3-OH and 3-O substitutions of the C10 and C12 HSLs, which consistently through this 182 study showed some of highest activity, over a range of concentrations from 2nM to 1µM (summarised 183
in Figure 3B ; data in Supplemental Figure 1 ). The N-acyl variants of C10-and C12-HSL showed the 184 greatest spore germination-promoting activity at 2-10nM ( Figure 3B ; Supplemental Figure 1A and 185 1D). 3-OH-C10-HSL variant showed greatest spore germination promotion at 10nM whereas the 3-186
OH-C12-HSL showed similar spore germination-promotion from 10nM-1µM, slightly higher at 1µM 187 ( Figure 3B ; Supplemental Figure 1B Sporophytes from wild isolates of Physcomitrella are associated with multiple species 195 of bacteria, some of which produce AHLs. 196 To determine whether the observed effects of synthetic AHLs on Physcomitrella patens spore 197 germination in a lab-based assay might have relevance to wild populations found in the environment, 198
sporulating Physcomitrella plants were firstly collected from 3 different locations in the UK with a 199 view to determine the bacterial populations associated with them and the ability of these bacteria to 200
produce AHLs. A total of 12 plants were selected from each sampled location and the sporophyte from 201 each plant was isolated to enable isolation of its associated bacteria (a consortium from each 202 sporophyte). Bacterial consortia were obtained from 30 out of 36 sporophytes. Each individual 203 sporophyte's (assumed mixed) bacterial populations were taken through multiple rounds of streaking 204
to isolate individual strains associated with Physcomitrella. To identify each strain, a fragment of the 205 16S rRNA gene was amplified from genomic DNA and sequenced. Our sampling of bacteria associated 206
with Physcomitrella sporophytes identified largely Proteobacteria from the class Gamma-207
proteobacteria. Bacteria of the genus Pseudomonas were found at all 3 sites (at least 5 different 208 species), as was Stenotrophomonas (2 species). Serratia (2 species) were isolated from 2 sites and 209
Acinetobacter, Aeromonas and Rahnella were each recovered from a single site. The gram-positive 210
bacteria Microbacterium (Actinobacteria) and Bacillus (Firmicutes) were each found at a single site 211 (Table 1) . 212
For an initial survey of whether the isolated bacterial consortia from each sporophyte could produce 213
AHLs, consortia were analysed by a mass-spectrometry (LC-MS/MS) approach, which demonstrated 214 that consortia from all three locations could produce AHLs although these were detected to only a 215 limited extent from the Lindley site (Table 2) . 216
To In land plants, the effect of AHLs on germination of the desiccation-resistant dispersal units, namely 240 spores (in Bryophytes, Lycophytes and ferns) or seeds (in Gymnosperms and Angiosperms) is not well 241 6 studied. So far, a single study shows that priming of winter wheat (Triticum aestivum L.) seeds with 242 C6-HSL (~9ng AHL per seed) improves their germination and subsequent growth, development and 243 biomass production 76 . Thus, a potential role in germination control for AHLs is present across plant-244 and algal taxa, although whether this is as a result of convergent or divergent evolution is unknown. 245
AHLs have a range of effects on post-germination development and growth in seed plants. For 246 example, 1-10µM of 3O-C6-HSL and 3O-C8-HSL, and 10µM C4-HSL, C6-HSL, C8-HSL can 247
increase Arabidopsis primary root elongation 22,45,47,48,51 while >10µM of C10-C14 AHLs inhibit 248 primary root growth in Arabidopsis seedlings 21, 48 . Moreover C10 and C12 AHLs promote root 249 branching and increases root hair formation at 12-96µM 21 . Inhibitory effects of AHLs on the 250
Arabidopsis root involve changes in cell division and differentiation 21 . This biphasic pattern (growth 251 stimulation of Arabidopsis primary root at low concentrations, growth inhibition at higher 252 concentrations) is reminiscent of what we see with Physcomitrella spore germination (Figures 1-3 The bacteria isolated from mosses are generally different from those isolated from Ulva: predominantly 268
Alpha-proteobacteria and Bacteroidetes, although Microbacterium has been isolated from all three 269 species 78-80 . Most of the genera of Gamma-proteobacteria isolated (Pseudomonas, Serratia, 270
Acinetobacter, Aeromonas) are AHL producers 26,81-84 . However, it is important to note that only a 271 small fraction (<1%) of all bacteria that exist in a particular environment can be grown in the lab on 272 standard growth media 85 so there may be many other AHL-producing bacteria associated with 273
Physcomitrella in the wild. 274
Single-species AHL analysis showed that, as expected, many of the Pseudomonas isolates, most of the 275
Serratia isolates and one of the Aeromonas isolates produced AHLs (Figure 4) . Moreover, an isolate 276
of Stenotrophomonas from each of the Chew Valley and Stocks reservoir sites also produced AHLs: 277 this genus has not previously been found to make AHLs as it normally makes DSF-type quorum 278
sensing molecules 86 which also induce growth promoting traits on plants 87 . Two Pseudomonas 279 fluorescences isolates from the Stocks reservoir showed AHL production even though, to our 280 knowledge, no stains from this species have been reported before to produce these QS molecules. 281
Unexpectedly, none of the individual isolates from Lindley produced AHLs (Figure 4 ) despite several 282
attempts, suggesting that they have either lost the ability to produce these molecules or, under the in 283 vitro growth conditions used, they only make AHLs below the lower limit of detection for the LC-284 MS/MS system used. 285 286
In summary, we have characterised for the first time the effect of bacterial quorum sensing molecules, 287
AHLs, on the developmen of a non-flowering land plant, the moss Physcomitrella patens. AHLs 288
promote Physcomitrella spore germination at sub-micromolar concentrations, but inhibit germination 289 at higher concentrations, in a biphasic pattern reminiscent of the AHL effect on root growth in 290 flowering plants. We have shown that a range of bacteria, some of which produce AHLs, are associated 291
with Physcomitrella sporophytes isolated from the wild. Future research could include a metagenomic 292 analysis to identify all bacteria (including those that are uncultivatable) associated with Physcomitrella, 293 work with mutant strains of bacteria deficient in AHL production, analysis of calcium signalling in 294 moss spores upon AHL application, isolation of moss mutant strains that cannot respond to AHLs, or 295 transcriptomic/proteomic analysis of moss spores treated with AHLs. 296 297
Materials and Methods
299
Moss spore germination assays 300
Germination assays were carried out as in 88 . Briefly, spores from at least 3 age-matched sporophytes 301
were used within each assay with three sporophytes' worth of spores used for every 10 Petri dishes 302 (9 cm diameter). Sporophytes were bleached in groups of two to three in 1 ml 25% Parozone ™ (Jeyes 303
Group, Thetford, UK) for 10 min and then washed three times in 1 ml sterile distilled water (10 min 304 each) in a sterile flow cabinet. Isolation and purification of bacteria 321
Initially, 12 sporophytes from each location were placed on individual Luria broth (LB)-agar plates 322 and bacteria were allowed to grow out from the sporophyte for 2 days at 28˚C in the dark (lower 323 temperatures favoured growth of fungal contamination). The majority of sporophytes were associated 324 with bacteria that could be grown on LB-agar, giving rise to bacterial consortia. These consortia were 325 further purified by taking them through 3-4 rounds of streaking (giving rise to multiple single colonies) 326
as appropriate, growing on LB-agar at 28˚C overnight to obtain multiple pure bacterial isolates 327 (identifiable by morphology and colour) for gDNA isolation, sequence identification and AHL 328 detection. Stock plates for each strain were generated from a single colony and colonies from these 329 plates were inoculated into liquid culture to make permanent glycerol stocks in 25% glycerol, 75% LB. 330 331
Bacterial identification 332
Bacterial isolates were identified to genus-, or where possible species-level. Bacterial cultures were 333 grown in LB from single colonies and genomic DNA was extracted using a Qiagen Blood and Tissue 334
DNeasy kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. Partial 16S rDNA 335 fragments (~2kb) were amplified from 10-30ng of genomic DNA by PCR using the forward primer 336 27F (AGA GTT TGA TCC TGG CTC AG) and reverse primer 1522R (AAG GAG GTG ATC CAG 337 CCG CA). PCR was carried out using Velocity proofreading DNA polymerase (Bioline) according to 338 manufacturer's instructions. The PCR cycling conditions were a denaturation of 94˚C for 2 min 339 followed by 30 cycles of 94˚C for 30 sec, 58 ˚C for 30 sec and 72˚C for 1 min, then a final extension 340 of 72˚C for 5 min. PCR products were purified using a GeneJET PCR purification kit (Thermo Fisher) 341
and were sequenced using both the forward and reverse primers via capillary sequencing on an 342 ABI3730 machine (Applied BioSystems). Raw sequence reads viewed in SnapGene version 1.4 and 343 were trimmed and refined by eye from the peak trace where necessary. Where possible, forward and 344 reverse sequences were aligned and combined to generate a single consensus sequence. Int. J. Gen. Mol. Microbiol. 112, 23-29 (2019 considered as a chromatographic peak that has a signal to noise ratio of at least 5, displaying a peak 681 retention time that matched that of authentic AHL synthetic standards. 
